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CsGeX3 nanocrystals undergo a lattice expansion due to partial replacement of Cs+ with larger cysteNH3+
cations into the lattice. We successfully dope Mn2+ into the CsGeX3 lattice for the first time with
incorporation up to 29% in bulk and 16% in nano samples. XRD peak shifts and EPR hyperfine splitting
strongly indicate that Mn2+ is doped into the lattice. Our results introduce a new member to the lead‐free
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Lead-Free Semiconductors: Soft Chemistry, Dimensionality 
Control, and Manganese-Doping of Germanium Halide 
Perovskites 
Long Men,+,[a],[b] Bryan A. Rosales,+,[a] Noreen E. Gentry,[a] Sarah D. Cady,[c] Javier Vela*[a],[b] 
Abstract: Lead halide perovskites have drawn enormous interest due 
to their exceptional photovoltaic and optoelectronic properties. 
However, the toxic heavy metal lead is harmful to humans and the 
environment resulting in a need for strategies to replace this toxic 
element. Herein, we report a facile aqueous synthesis of CsGeX3 (X 
= I, Br) perovskite nanocrystals with size control achieved by varying 
the cysteammonium halide ligand concentration. We observe a 
variety of morphologies including pyramidal, hexagonal, and 
spheroidal. CsGeX3 nanocrystals undergo a lattice expansion due to 
partial replacement of Cs+ with larger cysteNH3
+ cations into the lattice. 
We successfully dope Mn2+ into the CsGeX3 lattice for the first time 
with incorporation up to 29% in bulk and 16% in nano samples. XRD 
peak shifts and EPR hyperfine splitting strongly indicate that Mn2+ is 
doped into the lattice. Our results introduce a new member to the lead-
free halide perovskite family and set the fundamental stage for their 
use in optoelectronic devices. 
Introduction 
Halide perovskites of the general formula ABX3 (A = 
methylammonium (CH3NH3+), formamidinium (CH(NH2)2+), 
guanidinium (C(NH2)3+), Cs+, Rb+, or K+; B = Pb2+, Sn2+, Ge2+; X = 
I-, Br-, or Cl-) are a re-emerging class of semiconductors that are 
under intense research due to their excellent optoelectronic 
properties, which are easily tunable by varying their elemental 
composition and structure.1 Lead-based halide perovskites, in 
particular, demonstrate exceptional photovoltaic properties, 
having achieved a certified 23.3% power conversion efficiency for 
thin films2 in less than a decade of research,3 and holding the 
current quantum dot solar cell record of 15.07%.4 Lead halide 
perovskites are composed of Earth abundant elements and are 
easily processed from solution, leading to compatibility with roll-
to-roll and other high-volume manufacturing techniques.5 
Nanocrystalline versions of these materials also exhibit long 
carrier lifetimes, tunable emission energies over the entire visible 
spectrum, and high quantum yields. This has led to further 
research into their photoluminescence properties,6-10 as well as 
their use in light-emitting devices11 and low-threshold lasers.12-15 
Despite these wonderful properties, lead is a toxic heavy metal 
that is detrimental to the nervous and reproductive systems of 
humans and also raises concerns over environmental 
compatibility.16-19 Intense research is ongoing to replace lead with 
other non-toxic, Earth-abundant elements.20-28 Despite some of its 
compounds exhibiting residual toxicity, germanium is a 
comparatively benign replacement for lead in halide 
perovskites.29-31 Germanium halide perovskites exhibit a corner-
sharing [GeI6]4- octahedral network similar to that observed in the 
lead halide perovskites. While CsGeCl3 retains the classical cubic 
perovskite unit cell, both CsGeBr3 and CsGeI3 possess a 
rhombohedral distortion caused by a second-order Jahn-Teller 
effect (Figure 1).32-34 This Jahn-Teller distortion results in 
octahedra containing two different Ge–X bonds, where three 
bonds are longer than the rest (Figure 1d).40 Despite this lattice 
distortion and a large change in divalent metal ionic radii, the band 
gap values of germanium halide perovskites exhibit only minor 
differences when compared to those of the lead halide 
perovskites (see Supp. Info.). Moreover, AGeX3 perovskites 
exhibit many beneficial properties such as direct band gaps35-37 
tunable between 1.6–3.7 eV,36,38-40 strong absorption 
coefficients,38,41-43 large dielectric constants,44 small effective 
masses,43 non-linear optical behavior,45,46 strong ferroelectric 
polarization,41 and a ns2 electron configuration commonly found 
in defect tolerant semiconductors.47 Surprisingly, even though 
they exhibit so many desirable properties, the synthesis of 
germanium halide perovskites is relatively unexplored compared 
to other lead-free halide perovskites, with only a few reports on 
photovoltaic devices48-50 and one recently on nanocrystals.51 
Figure 1. Unit cells of cesium germanium halide perovskites. CsGeCl3 (a),
CsGeBr3 (b), CsGeI3 (c). Rhombohedral distortion in CsGeI3 and CsGeBr3 (d). 
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Metal doping can expand the application of semiconductor 
nanocrystals by introducing new or modifying existing electronic, 
optical and magnetic properties.52-55 Recently, significant 
research focused on doping metal halide perovskites with 
transition or main group metals.56-58 Doping with up to 46% Mn2+ 
is currently possible,59  leading to modified magnetic and optical 
properties.60-64 Mn2+-doping enhances stability,65-67 increases 
quantum yield to 60%,68 and results in long exciton lifetimes.69,70 
These enhanced properties are useful for LEDs67,71 and solar cell 
downconverters.72 
Herein, we report the synthesis and optical properties of 
CsGeX3 (X = I, Br) nanocrystals with size control achieved by 
varying the ligand concentration. We demonstrate the first 
successful Mn2+-doping into the germanium halide perovskite 
lattice. We observe systematic lattice expansion with increasing 
Mn2+ synthetic loading, which is consistent with larger Mn2+ ions 
replacing smaller Ge2+ in the lattice. These results present a leap 
forward in the synthesis of lead-free metal halide perovskites. 
Results and Discussion 
Aqueous Nanocrystal Synthesis. We successfully prepared 
CsGeX3 (X = I, Br) nanocrystals by introducing short-chain 
cysteammonium halide (HSCH2CH2NH3X, cysteNH3X) to a 
previously reported aqueous synthesis of bulk CsGeI340 (Scheme 
1). This synthesis employs GeO2 and H3PO2 as Ge(IV) source 
and chemical reductant, respectively. Reaction of GeO2 with HX 
produces GeX4 as a partially soluble intermediate (see S.I.).40 
Reduction of the latter with H3PO2 produces highly soluble yellow 
form of Ge(II). In the absence of cysteNH3X, this synthesis 
produces CsGeX3 crystals with a size greater than 100 nm as 
determined from XRD peak widths using the Scherrer equation 
(Figure 2 and Table 1). Introducing cysteNH3X at concentrations 
up to 2.50 M for CsGeI3 and 3.33 M for CsGeBr3 reduces the 
Scherrer size to 26±2 nm and 50±5 nm, respectively. CysteNH3X 
concentrations beyond these values and attempts to synthesize 
CsGeCl3 did not yield a precipitate (see Experimental). 
 
Table 1. Synthesis of CsGeX3 (X = I, Br) Nanocrystals.[a] 
Compound 
[Ligand] 
(M) 
XRD Size 
(nm)[b] 
TEM Size 
(nm) 
Eg 
(eV)[c] 
CsGeI3 0 >100 50–500m[d] 1.61 
 0.05 78±4 - 1.62 
 0.50 63±12 79±26 1.64 
 2.50 26±2 34±8 1.66 
     
CsGeBr3 0 >100 - 2.37 
 0.67 89±19 - 2.41 
 3.33 50±5 53±10 2.41 
[a][Ge+] = [Cs+] = 0.05 M for all reactions. [b]Scherrer equation. [c]From Tauc 
plots. [d]From SEM. 
Scheme 1. Synthesis of CsGeX3 Nanocrystals. 
 
 
Figure 2. Powder XRD patterns of CsGeI3 (a) and CsGeBr3 (b) nanocrystals 
synthesized with different cysteNH3X concentrations. 
We characterized the size, morphology, and elemental 
composition of CsGeX3 nanocrystals by scanning and 
transmission electron microscopy (SEM and TEM). SEM analysis 
of samples grown in the absence of cysteNH3X show large 50–
500 m microcrystals with various morphologies (Figure 3). In 
agreement with XRD, TEM shows that introducing cysteNH3X at 
concentrations up to 2.50 M for CsGeI3 and 3.33 M for CsGeBr3 
decreases and narrows their size distributions to 34±8 nm and 
53±10 nm, respectively. Morphologies range from pyramidal and 
hexagonal for CsGeI3 to spheroidal for CsGeBr3 nanocrystals. 
Selected area electron diffraction (SAED) analysis is consistent 
with the rhombohedral structure of CsGeI3 nanocrystals. Energy 
dispersive X-ray spectroscopy (EDS) confirms the presence of all 
three elements with atomic percentages of 15±1% for Cs, 27±2% 
for Ge and 57±1% for I, roughly consistent with a Cs:Ge:I ratio of 
1:1.8:3.8. High-resolution TEM shows lattice fringes with a d 
spacing of 3.425 Å, which is consistent with the (021) lattice 
planes of CsGeI3. 
GeO2 + CsX + cysteNH3X                                  CsGeX3
HX, H3PO2
120 °C, 10 s
(unbalanced)X = I, Br
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Figure 3. Representative SEM (a), TEM (b-c), and size distribution histograms 
(e) of CsGeI3 synthesized with different cysteNH3X concentrations. SAED (d) of 
CsGeI3 synthesized with [cysteNH3X] = 0.5 M. HRTEM image (f) of a CsGeI3 
nanocrystal showing lattice fringes along the (021) direction. TEM (g) of 
CsGeBr3 synthesized with [cysteNH3X] = 3.33 M. 
Optical Properties. Diffuse reflectance measurements and 
Tauc plots show that the band gap of CsGeI3 nanocrystals shifts 
from 1.61 eV to 1.66 eV as the cysteNH3X concentration 
increases, while CsGeBr3 nanocrystals maintain a band gap of 
2.41 eV (Figure 4). We considered a couple possibilities that could 
explain the band gap shift observed in the CsGeI3 case, namely: 
quantum confinement or ion replacement. To determine whether 
the observed change in band gap was caused by quantum 
confinement, we estimated the effective excitonic Bohr radius of 
CsGeI3 nanocrystals. In effective mass theory,73 the effective 
Bohr radius of a Wannier-Mott exciton can be determined from  
𝑎∗ =  2𝑎0𝜀
∞(
𝑚0
𝑚 𝑒 +
𝑚0
𝑚 ℎ ), where the hydrogen Bohr radius is a0 = 
0.0529 nm, the effective dielectric constant is ε∞ = 5.0, the 
electron-hole reduced effective masses are mh/m0 = 0.2, and 
me/m0 = 0.4 (Z → L)  or 0.2 (Z → Γ).74  Using these values, we 
estimated the effective Bohr radius to be 4–5 nm. However, 
because our smallest crystal size (34±8 nm) is larger than the 
estimated Bohr radius (4–5 nm), it is unlikely that the observed 
band gap change is caused by quantum confinement. Therefore, 
we conclude that the most likely explanation for the slight change 
in band gap observed for CsGeI3 stems from partial replacement 
of Cs+ by cysteNH3+ cations. Based on crystallographic data 
available,75 we estimate the size of the cysteNH3+ cation to be 283 
pm, which is comparable to the size of very commonly 
incorporated guanidinium (C(NH2)3+, 274 pm) cation.76 
In contrast to recently reported carboxylate-capped CsGeI3 
nanocrystals,51 CsGeI3 nanocrystals prepared by our method 
unfortunately do not exhibit photoluminescence (PL) emission. 
However, CsGeBr3 nanocrystals exhibit a weak PL peak at 500 
nm, whose intensity increases with the introduction of cysteNH3X, 
with a highest quantum yield of 0.34%. 
 
 
Figure 4. Diffuse reflectance spectra (a) and Tauc plots (b) of CsGeI3 
nanocrystals. Tauc plots (c) and PL spectra (d) of CsGeBr3 nanocrystals 
synthesized with different cysteNH3X concentrations (exc = 350 nm). 
Manganese Doping. We successfully incorporate Mn2+ into the 
CsGeX3 (X = I, Br) lattice by introducing MnO or MnX2 at the 
beginning of the reaction (Scheme 2, see below). Mn2+-doped 
samples exhibit similar optical properties and morphologies as 
undoped CsGeX3. This observation is consistent with Mn2+-doped 
CsPbI3 and CsPbBr3 nanocrystals.57,65,77 Tauc plots show that all 
absorption edges appear around 1.6 eV, indicating that Mn2+ 
doping has a limited effect on the electronic structure of CsGeX3. 
No photoluminescence is observed from Mn2+ dopants because 
the CsGeX3 band gaps are lower than the Mn2+ emission 
energies.65,77  
Powder XRD shows that the CsGeX3 structure is maintained 
across different synthetic Mn2+ loadings. XRD peaks of Mn2+-
doped bulk and nano  CsGeX3 samples, calibrated to Si as an 
internal standard are slightly shifted to lower angles with 
increased synthetic Mn2+ loading (Figure 5 and S.I.). The small 
XRD peak shifts are consistent with reports of Mn2+ doping into 
CsPbX3 even at high doping levels.57,65,78 The shift to lower 2 
angles is consistent with lattice expansion due to 6-coordinate 
10.1002/cnma.201800497
Ac
ce
pt
ed
 M
an
us
cr
ip
t
ChemNanoMat
This article is protected by copyright. All rights reserved.
FULL PAPER    
For internal use, please do not delete. Submitted_Manuscript 
 
 
 
 
replacement of Ge2+ ion (87 pm) with the larger high-spin Mn2+ ion 
(97 pm, see below).79 X-band EPR spectra of Mn2+-doped bulk 
and nano CsGeX3 at 10 K exhibit a sextet hyperfine signal that 
confirms the presence of isolated high-spin Mn2+ ions (Figure 6).57 
Mn2+ ions occupying a rhombohedrally-distorted site cause extra 
splitting of this sextet hyperfine signal with additional weaker 
splittings observed outside the central +1/2 → -1/2 transition.80 
However, in cases where the complex is nearly octahedral, only 
the central +1/2 → -1/2 transition is observed.80 We do not 
observe these extra weaker transitions in our spectra, likely 
because the rhombohedral distortion in germanium halide 
perovskites is relatively small (in fact, CsGeCl3 is completely 
cubic). However, our observed extra splitting of the +1/2 → -1/2 
transitions is consistent with a rhombohedral distortion and 
strongly indicates that Mn2+ is doped into the germanium halide 
perovskite lattice.80 Interestingly, a similar observation is 
observed for Mn2+-doped CsPbCl3 at low temperatures that 
induce phase transitions to lower symmetry structures.81 The 
hyperfine splitting constants of 90–96 G are larger than the 86–
87 G values recently observed for Mn2+-doped 
CsPbCl3,60,63,64,66,78,81,82 which is consistent with the higher lattice 
ionicity of germanium halide perovskites.83 
 
Scheme 2. Manganese Doping of CsGeX3. 
 
 
Figure 5. Powder XRD patterns (a) of Mn2+-doped CsGeI3 nanocrystals 
synthesized with [cysteNH3X] = 0.50 M and different synthetic Mn2+ loading. 
Asterisks (*) denote silicon powder used as an internal standard. Shift in lattice 
parameter as a function of synthetic Mn2+ loading (b). 
 
Figure 6. X-band EPR spectra of Mn2+-doped CsGeX3 collected at 10 K. 
Considering Vegard’s Law, 84,85 we estimate we can incorporate 
Mn2+ ions up to 29% in bulk—and up to 16% in nanocrystalline 
samples—(Figure 5). Here, we note that the lattice parameter of 
undoped nano CsGeX3 is slightly larger than that of undoped bulk 
CsGeX3. As noted above, this lattice expansion is likely caused 
by partial replacement of Cs+ (181 pm)79 with larger cysteNH3+ 
(274 pm) cations into the lattice. In all cases, the actual Mn2+ 
incorporation is lower than the synthetic Mn2+ loading, which 
indicates that Ge2+ is preferentially incorporated into the CsGeX3 
lattice. This is consistent with previous reports on Mn2+-doped 
CsPbX3 nanocrystals, whose fast nucleation kinetics86 reduces 
Mn2+ incorporation.59-61,63,65,68 Interestingly, the chemical yield 
systematically decreases with increasing synthetic Mn2+ loading, 
likely because the parent CsMnX3 compound is too soluble in 
water and fails to precipitate (see S.I.).87  
Conclusions 
Concerns over the toxicity of lead towards the human nervous 
and reproductive systems as well as the environment have led to 
intense research aimed at replacing this toxic heavy metal with 
other elements. We report a facile aqueous synthesis of CsGeX3 
(X = I, Br) nanocrystals that are size tunable as low as 34±8 nm 
for CsGeI3 and 53±10 nm for CsGeBr3, specifically by varying the 
cysteammonium halide ligand concentration. The structure of 
these nanocrystals undergoes lattice expansion compared to their 
bulk counterparts, due to partial replacement of Cs+ with the larger 
cysteNH3+ cation. Based on the calculated Bohr radius of CsGeI3, 
we attribute a small observed band gap increase not to quantum 
confinement, but rather to cysteNH3+ incorporation. TEM shows 
that nanocrystal morphologies range from pyramidal and 
hexagonal for CsGeI3 to spheroidal for CsGeBr3. 
We report here the first successful Mn2+-doping of germanium 
halide perovskites. XRD peak shifts and EPR hyperfine splitting 
strongly indicate that Mn2+ is doped into the lattice with an 
incorporation of up to 29% in bulk and 16% in nanocrystalline 
samples. Mn2+-doping seems to have a limited effect on the 
optical properties of CsGeX3, which is consistent with similar 
reports on CsPbX3 compounds. We believe that the results 
reported here will help advance the fundamental study of lead-
(1-x) GeO2 + x MnO + CsX + cysteNH3X                         Cs(Ge/Mn)X3
HX, H3PO2
120 °C, 10 s
(unbalanced)X = I, Br
10.1002/cnma.201800497
Ac
ce
pt
ed
 M
an
us
cr
ip
t
ChemNanoMat
This article is protected by copyright. All rights reserved.
FULL PAPER    
For internal use, please do not delete. Submitted_Manuscript 
 
 
 
 
free perovskites and move toward their application to 
optoelectronic devices. 
Experimental Section 
Materials. Germanium(IV) oxide (≥99.99%), cesium iodide (99.999%), 
hydriodic acid (ACS, 55%), hydrobromic acid (ACS, 48%) and cysteamine 
(95%) were purchased from Sigma-Aldrich; cesium bromide (99.9%-Cs), 
manganese(II) oxide (99%), manganese(II) iodide (98+%) and silicon 
powder (99+%) from Strem; hypophosphorous acid (50% w/w aqueous 
solution) from Alfa Aesar. All chemicals used as received. 
Synthesis. Cysteammonium Halide (CysteNH3X) Stock Solution. 
Cysteamine (771 mg, 10 mmol) was mixed with hydrohalic acid solution 
(1.4 mL, 7.3 M for HI or 1.4 mL, 8.8 M for HBr). Synthesis without Added 
Ligands. Cesium germanium halide perovskites were prepared by a 
slightly modified literature procedure.40 Briefly, germanium(IV) oxide (10.5 
mg, 0.1 mmol), hydrohalic acid (0.7 mL of 7.3 M HI or 0.6 mL of 8.8 M HBr), 
and hypophosphorous acid (0.25 mL of 9.1 M) were stirred at 120 °C until 
the mixture became homogeneous. Cesium halide (0.3 mL of 0.3 M in 
ultrapure water) was injected at 120 °C and then the solution was 
immediately cooled to 0 °C using an ice-water bath until black (CsGeI3) or 
orange (CsGeBr3) precipitate was formed. The precipitate was collected 
by centrifugation for 5 min at 4500 rpm then kept under an inert 
atmosphere to prevent oxidation of Ge2+.40 Germanium Halide Perovskite 
Nanocrystals. Samples were prepared as above except cysteammonium 
halide stock solution (0.2 mL, 7.3 M) was added initially with other reagents. 
Addition of cysteammonium causes the formation of an orange precipitate 
that re-dissolves upon addition of cesium halide. Manganese Doping. 
Samples were prepared as above except germanium(IV) oxide was 
partially replaced with the desired synthetic loading of manganese oxide 
or halide. 
Structural Characterization. Powder X-ray diffraction (XRD) data were 
measured using Cu Kɑ radiation on a Rigaku Ultima IV (40 kV, 44 mA) 
instrument with samples deposited on a “background-less” quartz slide. 
Transmission electron microscopy (TEM) images were collected on an FEI 
Tecnai G2 F20 field emission microscope operating up to 200 kV with a 
point-to-point resolution of less than 0.25 nm and a line-to-line resolution 
of less than 0.10 nm. Dilute sample solutions in toluene were dropped onto 
carbon-coated copper grids. Elemental composition was assessed by 
energy-dispersive spectroscopy (EDS). Size histograms were generated 
by measuring the longest edge of more than 300 crystals per trace. 
Optical Characterization. Diffuse reflectance spectra of solid films were 
measured with a SL1 Tungsten Halogen lamp (vis-IR), a SL3 Deuterium 
Lamp (UV), and a BLACK-Comet C-SR-100 Spectrometer. Samples were 
prepared by drop-casting toluene solutions onto glass. Steady-state 
photoluminescence (PL) spectra were measured with a Horiba-Jobin Yvon 
Nanolog scanning spectrofluorometer equipped with a photomultiplier 
detector. Relative PL quantum yields (QYs) were measured against the 
Coumarin 460 dye using standard procedures. 
Other Characterization. Electron Paramagnetic Resonance (EPR) 
spectra were measured using an ELEXYS E580 EPR Spectrometer 
(Bruker BioSpin) equipped with an SHQE resonator and an Oxford 
ESR900 cryostat at a temperature of 10 K. The samples were dispersed 
in ethanol, placed in a 4 mm quartz tube, and frozen in liquid N2 prior to 
insertion into the cryostat. Typical spectra were acquired with a sweep 
width of 5000 G, 2048 points, 8 G amplitude modulation, and 1.986 mW 
microwave power. Simulations were performed using the “pepper” function 
of the computational package EasySpin that operates in MATLAB. 
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